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Many organisms have been shown to use the Earth’s magnetic field for 
orientation and navigation. Understanding the mechanisms of this behavior is an 
active area of research, with possible applications for engineered systems through the 
development of bioinspired navigation strategies. Conducting such research requires 
the real-time control of a variety of actuators and sensors in order to generate 
artificial magnetic fields in a laboratory environment and to track the response of 
organisms over time. Software systems previously developed for these tasks were 
typically narrow in scope and were generally not designed to support multiple 
experimental setups. This thesis presents the Caretta2 software platform which aims 
to address these issues, enabling further exploration of organismal magnetoreception. 
The platform also enables laboratory testing of bioinspired navigation strategies using 
physical sensors and motion platforms, which introduce realistic measurement and 
platform noise. Two practical applications of the platform to active fields of research 
are explored, one in the area of sea turtle magnetoreception and another related to 
the development of bioinspired geomagnetic navigation strategies.  
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This thesis presents a software framework capable of controlling artificial 
magnetic environments for the completion of magnetoreception and navigation 
experiments. This software was developed using modern web technologies and 
enables novel research opportunities in organismal biology and bioinspired navigation. 
A number of organisms, including sea turtles, salmon, bacteria, and migratory birds, 
possess the ability to sense magnetic fields and use this capability for orientation and 
navigation tasks [1], [2], [3]. Little is known about the biological mechanisms of 
magnetoreception or the navigational strategies used by these organisms [1]. 
Research into these topics is important to advance our understanding of these sensory 
systems. Discoveries in this area may also uncover novel solutions to problems of 
navigation and may prove useful in the development of bioinspired navigation 
strategies for use on Earth or on other planets where GPS navigation cannot be 
employed [4], [5]. 
This research typically requires the generation of artificial magnetic fields in a 
laboratory environment and the completion of experiments that track the behaviors 
of organisms within this controlled field [1], [2], [3]. A number of coil systems 
capable of generating artificial fields have been detailed in the literature although 
the software systems available for their control are limited in their capabilities and 
generality [6], [7], [8], [9]. The relative scarcity of sufficiently advanced monitoring 
and control software for artificial magnetic environments is a limiting factor for 
research into magnetoreception. The Caretta2 software platform addresses this 
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limitation by providing researchers with a well-documented, modern, modular, and 
extensible platform capable of performing and monitoring experiments. 
The Caretta2 framework was designed to provide enough flexibility to 
accommodate the needs of most experiments involving artificial magnetic 
environments. This was achieved through the development of a highly extensible 
distributed platform for hardware device sensing and actuation. The platform is 
composed of a single client software program responsible for GUI display and system 
coordination, a number of modular hardware programs responsible for controlling 
different classes of hardware devices, and infrastructure to enable communication 
between the hardware and client modules. Documentation and installation scripts 
were created to ensure that the platform can be applied and extended easily in the 
future. Modern web technologies including TypeScript, HTML, and CSS were used in 
developing the platform due to their stability and the relative abundance of 
developers with experience using these tools [10]. The following sections will further 
explore the need for this platform, the platform’s architecture and design 
considerations, and the application of this platform to two areas of ongoing research. 
2. Background 
A variety of organisms use the Earth’s magnetic field to navigate [1]. The study of 
this navigation is an area of ongoing research. Many of the experiments conducted in 
this investigation involve the use of a coil system to modify the magnetic field around 
an organism and sensors to record the organism’s response [1], [2], [3]. Experiments 
of this type range in complexity from simple procedures that measure an organism’s 
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reaction to various constant magnetic fields to more advanced trials that may involve 
a feedback loop with the generated magnetic field being continuously adjusted based 
upon the organism’s sensed behavior [1], [2], [3]. The Caretta2 platform aims to 
accommodate organismal experiments with all levels of complexity. 
 
 
Figure 2.1 – A photo of the triaxial square coil system used to generate a controlled 
artificial magnetic environment during the development of the Caretta2 platform. 
 
A primary function of the system is the control of an artificial magnetic 
environment. Three-axis square coil systems as described by [6], [7], and [8] are a 
popular choice for researchers building artificial magnetic environments due to their 
simple construction and their ability to produce uniform magnetic fields. 
Magnetoreception experiments in organismal biology typically use fields with 
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intensities that are similar to or smaller than those of the Earth’s magnetic field and 
require that the controlled volume is large enough to completely contain the studied 
organism during the duration of the experiment [1], [2], [3]. As a result, this platform 
was developed for use with a three-axis square coil system with a controlled volume 
of 2m3 capable of generating fields with any orientation and any field intensity up to 
the Earth’s maximum field intensity. The coil system used is depicted in Figure 2.1. A 
hardware interface module was developed for the system in order to actuate power 
supplies and control the flow of current through the set of coils associated with each 
axis, resulting in the precise control of the magnetic field generated by the artificial 
magnetic environment along each axis. Other coil systems, such as those with a 
cylindrical design, with fewer than three axes, of a different scale, or with a different 
range of supported field intensities, could be used with the system with minimal code 
modifications. Additional details regarding the coil system are provided in section 
6.1.1 below. 
A second critical function of the system is the accurate measurement of the 
magnetic field produced within the coil system. A second hardware interface module 
was developed to measure this field by communicating with a magnetometer that is 
placed within the controlled region. This feedback makes it possible to accurately 
measure the ambient field present in the environment when the coil system is not 
active and to measure the field’s response to the actuation of each of the coil 
system’s axes. This allows the coil system to be accurately calibrated and for 
monitoring to verify that the coil system and magnetometer are functioning 
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appropriately. Additional details related to field sensing and calibration are discussed 
in sections 6.1.3 and 6.2.1. 
These two functions are sufficient for the completion of simple experiments that 
involve static magnetic fields and qualitative or manual observation as in [2] and [3]. 
More advanced trials may require additional sensors in order to automatically track 
behavior. An additional encoder hardware control module was developed to illustrate 
the system’s ability to provide sensing functionality. This module senses an 
orientation value from an associated single-axis optical encoder and reports these 
readings back to the client program. The client then provides the user with the 
capability to record these readings during an experiment or to enable feedback 
control where the magnetic field is dynamically updated based upon the sensed 
orientation value. These recording and feedback control mechanisms are discussed in 
section 8.1. This functionality illustrates the platform’s ability to serve as a complete 
monitoring and control system for more complex experiments. 
In addition to studying organismal behavior, the Caretta2 platform is capable of 
serving as an experimental platform for the execution of navigation simulations using 
a physical feedback control loop. A number of strategies have been developed for 
navigation using the Earth’s magnetic field [4], [5]. These strategies are usually 
tested using virtual simulations that may not accurately account for complications 
encountered in physical navigation environments [5], [9]. While it is possible to test 
these navigation strategies in real world environments, often this is challenging as 
typically they operate on field variations that are on the scale of tens or hundreds of 
miles [4], [9], [11]. An alternative is the simulation of these trials in a lab setting with 
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an artificial magnetic environment where real-world complications can be 
approximated. 
The requirements for conducting navigation experiments are similar to those of 
organismal experiments and include the ability to control a magnetic environment and 
the ability to sense the field produced within the environment. For navigation 
experiments, it may also be desirable to physically simulate an agent’s bearing within 
the artificial environment. As a result, an additional hardware driver module was 
developed for the system in order to control the orientation of a rate table. A 
magnetometer can then be attached to the top of the table and can be oriented 
within the environment to account for the rotation experienced by real-world agents 
executing a geomagnetic navigation strategy. This setup also illustrates the 
importance of the system’s native support for distributed sensing as it may not be 
possible to form a direct connection between the primary control device and a 
magnetometer attached to the rotating surface of a rate table. In this case, it may be 
necessary to include a control device running an instance of the magnetometer 
module with the magnetometer on the rate table and to connect this sensor to the 
system using a local network. Additional details relating to network setups and the 
rate table component can be found in sections 5 and 6.1.2, respectively. 
Previous software systems available for the control of artificial magnetic 
environments generally have used technologies that have not been maintained, were 
not well documented, were not open source, did not support distributed systems, 
were not easily extensible, or were otherwise not fully capable for current research 
applications. Previous software systems used by the Lohmann Lab include the Caretta, 
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MockTurtle, VirtTurt, and TurtleTracker systems. These applications have not been 
updated since 2006 and were limited in the scope of their functionality [12]. In the 
past, coil control software packages have been developed as extensions to other 
software systems such as flight simulators [9]. 
3. Architecture 
Caretta2 was developed as a control platform for distributed systems that include 
hardware actuators and sensors controlled by one or more computers. To 
accommodate this design, the platform was separated into a number of programs that 
can be executed independently and connected over a network to form a single 
Caretta2 system. A client program renders the user interface and houses most of the 
control logic. Separate hardware control modules were written for each sensor and 
actuator connected to the platform. These hardware control programs can run on the 
same device as the client program or can be executed on remote devices and 
connected to the system over a network. Each hardware control module forms a unit 
of actuation or sensing for the platform and may be responsible for the control of 
multiple actuators or the aggregation of data from multiple sensors. An example of 
this can be found in the coil module discussed in section 6.1.1, which controls the 
artificial magnetic environment through the coordinated actuation of a relay board 
and four power supplies. A separate proxy server module was developed to mediate 
connections between the client and hardware control modules. The client component 
and the hardware control modules must connect to a common proxy server instance in 
order to exchange messages. This setup was selected to allow for greater networking 
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flexibility as hardware control modules can be installed on any number of devices and 
can all communicate with a single client component using any number of intermediate 
proxy servers, as described in section 5 below. 
Although the platform was designed to handle distributed setups, local Caretta2 
instances are also possible and are expected to be the most common use case for the 
software. The WebSockets network protocol was selected for communication between 
modules due to the low overhead associated with message transmission compared to 
alternatives such as HTTP. By applying this protocol, messages can be transferred 
between modules in as little as 2ms on local networks. In addition to its speed, the 
WebSockets protocol was selected to allow for bidirectional communication, where a 
single persistent TCP connection can be used to send asynchronous bidirectional 
messages between modules. By comparison, the HTTP protocol is limited in that TCP 
connections are not guaranteed to persist between messages and asynchronous 
bidirectional communication is only supported through methods such as long polling. 
This is important as hardware devices can act as both sensors and actuators and no 
single communication direction can be established that is sufficient for all hardware 
control modules. This also enables hardware modules to function as both sensors and 
actuators while only requiring one TCP connection with the client module. 
Because the hardware devices and sensors associated with the system may be 
running on a variety of networked devices, the system was designed to address 
networking latency in the implemented feedback control loops. The system was also 
designed to accommodate hardware devices with varying methods of connection and 
control. Most of the hardware control modules presented in this thesis connect 
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directly to associated hardware components using RS-232 serial connections. The 
encoder module described in section 6.1.5 is an example of a module that connects to 
its associated hardware device using an intermediate DLL provided by the 
manufacturer of the encoder. 
The client module was designed to shield the end user from the specifics of the 
system’s implementation and configuration. Complications associated with distributed 
setups are transparent to the user, who is presented with a consistent set of 
interfaces regardless of the system’s configuration. The platform’s interfaces were 
implemented with the goals of the user in mind. The level of functionality exposed 
within the provided GUIs are not at the level of individual sensor readings or actuator 
controls but are instead presented at a higher level in order for these devices to be 
useful for the execution of experiments. For example, an interface is provided for coil 
control that allows users to set the system’s magnetic field to the field present at a 
specific location on the Earth or to a user-specified field. The coil control interface 
also allows for the review and modification of coil currents. This interface does not, 
however, expose the control of individual relays or precise control of the voltage and 
current settings that are sent to each power supply. These implementation details 
and low-level operations are handled by the hardware control modules and are often 
not exposed in the interface between the hardware modules and the client 
component. Additional details regarding the backplane interfaces used for each 
hardware module are provided in Appendix A. 
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4. Technologies Used 
The Caretta2 platform was built using Electron to leverage modern web 
technologies including Node.js, NPM, React, and TypeScript in the context of a 
standalone graphical program [13], [10]. The majority of the project's source code is 
written in TypeScript and Webpack was used to transpile this source code into 
JavaScript and to bundle the compiled JavaScript code with additional content such 
as images and HTML files in order to form an executable package. This Electron 
package uses Chromium for GUI rendering and Node.js for window and program task 
management. The GUI uses the React framework to control the flow of data through 
the app and to encapsulate functional units into separate modules using React 
functional components. React context was used to manage global state by applying a 
data control method similar to the Redux data control flow described in [10]. The 
proxy server and hardware control modules use Node.js as a non-GUI JavaScript 
runtime environment. An advanced state control manager was not used in these 
components as they are much smaller and less complex than the client module. 
WebSockets were used for communication between each of the components in order 
to support both local and networked connections. The provided installation script was 
compiled to JavaScript from TypeScript and runs using Node.js. NPM is used as a 
dependency manager for each of the project’s components. 
5. Networking 
The Caretta2 platform was divided into a set of separate components or modules 
that run independently and each use the WebSockets protocol to connect and form a 
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single running project instance. These components include a client module, a proxy 
server module, and a number of hardware control modules. A typical installation of 
the platform will include one client module, at least one proxy server module, and 
any number of hardware control modules. The client component offers a user 
interface where magnetic environment control and experiment execution can occur. 
The proxy server acts as a relay between a number of hardware control modules and 
the single client component. The hardware control modules interface directly with 
hardware devices such as magnetometers and power supplies and communicate with 
the client component via a proxy server. 
Each component in the setup must be configured so that proper communication 
can occur between the hardware control modules and the client component. For all 
components, this configuration involves the inclusion of a Caretta2 security token that 
the devices associated with the system share and can use for authentication. The 
same token should be specified in the configuration options for all modules connected 
to a single instance of the project. In addition to the security token, the Caretta2 
client requires a list of proxy server IP addresses and ports so that it can connect to 
those servers and interface with hardware devices that also connect to those proxy 
servers. Each hardware control module requires the IP address and port of a single 




Figure 5.1 - A variety of possible configurations for a running instance of the 
Caretta2 platform. a) A local installation with all modules running on the same 
device. b) A networked installation with a client component and proxy server running 
on one device and a single hardware control module connected from a second device. 
c) A networked installation with the client running on a device that is separate from 
the device running the proxy server and hardware control modules. d) A networked 
installation with the client, proxy server, and hardware control modules each 
running on separate devices. 
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In the most basic case, a client instance, a proxy server instance, and all hardware 
control module instances associated with an instantiation of the platform can be 
installed on one device as depicted in Figure 5.1a. In this configuration, the client and 
all hardware control modules are configured to connect to a single local proxy server 
instance. In some cases, it may be necessary to install modules within a single 
Caretta2 system on different devices. This can be achieved by running a proxy server 
instance on the device hosting the Caretta2 client component and connecting external 
hardware devices to this main computer as represented by the configuration in Figure 
5.1b.  
It may not be possible to establish the depicted configuration when networking 
restrictions are encountered. For example, if the two depicted devices are on 
separate local networks and the client device does not have an IP that is exposed to 
both networks, it may not be possible to implement this configuration. In this case, it 
may be necessary to use one of the configurations depicted in Figure 5.1c or 5.1d. 
The first of these configurations describes a setup where the proxy server and 
hardware control module are both running on a single device that is separate from the 
device running the client instance. This setup may be ideal if the device running the 
hardware control module does have an IP address that is visible on both of the 
devices’ networks. The hardware control module must then be configured to search 
on the local device for a proxy server while the client should be configured to search 
for a proxy server using the appropriate IP address for the proxy server’s device. If 
both devices running the hardware and client modules are not exposed to one another 
over the network, it may be necessary to employ an intermediate device that is 
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exposed to both networks in order to host the proxy server component as depicted in 
Figure 5.1d. Although it is possible to run a proxy server on a device that is exposed 
to the internet such as a shared server or cloud device, it is recommended that this 
setup is avoided in order to prevent exploitation by attackers. For additional details 
relating to networking security, see section 6.4.1. 
 
 
Figure 5.2 - An illustration of a more advanced networked configuration for the 
Caretta2 software platform with two proxy server instances running on separate 
devices and hardware control module instances running on three devices. 
 
When hardware control modules are installed on multiple devices it may be 
necessary to install proxy server instances on multiple devices as depicted in Figure 
5.2. In this configuration, all four previously described connection methods are 
present in a single networked instance of the platform. Hardware control module 1 is 
installed on the same device as the client component and uses a proxy server on the 
local system to communicate with the client instance. Hardware control module 2 is 
running on an external device and is connected directly to the proxy server running on 
device 1. Hardware control module 3 is also running on an external device but is 
connected to a proxy server running on its local device rather than the proxy server 
running on device 1. The client component is configured to connect to this remote 
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proxy server using the appropriate IP address. Hardware control module 4 is running 
on an external device and is connected to the client component through a proxy 
server that is running on a separate external device. This diagram illustrates the 
flexibility of the platform and its ability to accommodate a variety of more advanced 
network configurations. Any number of proxy servers may be used as intermediate 
relays between the hardware control modules and client component providing that 
the client is able to connect to all proxy servers and that each hardware module is 
able to connect to one of the proxy server instances. A number of more concrete 
networking examples are provided in section 6.5 below. Two setups used for research 
applications are outlined in section 8. 
6. Hardware Applications 
A number of hardware control modules and interface elements have been 
developed for the Caretta2 platform as part of this project. These include actuator 
modules for devices such as rate tables and power supplies, sensor modules for 
devices such as magnetometers, hardware component sensing and actuation GUIs, 
hardware component calibration interfaces, model parameter specification 
interfaces, and experiment execution, storage, and analysis interfaces. This section 
details each module developed for the system, the hardware and model interfaces 
developed for the platform, how these modules can be set up for use with the 
platform, and practical examples of how these hardware control modules can be 
connected over the network to accommodate a variety of networking constraints. The 
following two sections build upon this description in their discussions of the 
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procedures and results of relevant hardware verification and calibration testing and of 
research applications that were made possible by the hardware and interface 
components developed for the platform. The source code for an example hardware 
control module is presented in Appendix B for reference. 
6.1. Hardware Control Modules 
6.1.1 Coil System 
A coil control module was developed for the system in order to control the flow of 
current through the large copper coils that make up the three-axis artificial magnetic 
environment system. With this system, the coils for each axis are arranged as detailed 
in [6], with four parallel square coils centered around an axis of actuation. The coils 
of each axis are connected to form a single continuous loop so that the control of only 
one circuit is required for the actuation of each axis. The contributions of each axis 
are assumed to combine linearly with one another and with the existing ambient 
magnetic field. Each axis is oriented perpendicularly with respect to the other axes so 
that a desired field vector may be broken down into orthogonal components and 
realized by appropriately actuating each of the coil axes. The response of each axis is 
also assumed to be linear so that a given change in current through the coils of an axis 
result in a proportional change in the magnetic field on that axis. The control of this 
system is achieved through the use of three types of hardware components: driver 
power supplies, control power supplies, and relay boards. 
 21 
One driver power supply is associated with each of the coil system axes. These 
supplies are responsible for establishing the desired magnitude of current flow 
through the coils of this axis. Three BK Precision Model 9104 320 W Multi-Range DC 
Power Supplies were used for this application. These power supplies connect to the 
device hosting the coil system control module over a USB connection and require a 
USB to UART virtual com port driver. Once installed, this driver allows for interaction 
with the power supply using standard serial communication protocols. 
A single three axis control power supply is used in conjunction with a custom relay 
board to control the direction of current flow for each axis. A BK Precision Model 
9130B Triple Output Programmable DC Power Supply was used for control. The relay 
board consists of six TE Connectivity Potter & Brumfield Relays brand relays (part 
number T9GV5L24-5) soldered to a 5x7cm perfboard with a pitch of 0.1 inches as 
depicted in Figures 6.1a and 6.1b. Two relays are associated with the control of each 
axis. These paired relays are connected in parallel to one channel of the control 
power supply. Both relays are actuated when this channel is set to supply 5 volts. The 
coil and driver power supply leads for each axis are connected to these paired relays 
as depicted in Figures 6.1c and 6.1d so that the direction of current delivered to the 





Figure 6.1 – A set of images that detail the layout and design of the relay board used 
for the control of coil current polarity. a) Top view of the relay board. b) Bottom 
view of the relay board. c) Side view of the relay board with power supply and coil 
connectors attached. d) Diagram illustrating the circuit used for one channel on the 
relay board. This circuit is repeated three times, once for each axis of the coil 
system. Connections A and B are used for relay control and should be connected to an 
appropriate channel of the control power supply (these control connections are 
present in the ribbon cable). Terminals labeled C and D should be connected across 
the coils for one of the system’s axes. Terminals E and F should be connected to the 
driver power supply responsible for controlling the current flow for that axis. When 
no voltage is applied by the control power supply across terminals A and B, terminals 
C and E are connected, and terminals D and F are connected. When voltage is 
supplied by the control power supply, both relays actuate, connecting terminals C 
and F, and connecting terminals D and E. This allows the control power supply to 






Figure 6.2 – A picture of the rate table and PVC support stand. 
 
6.1.2 Rate Table 
A hardware control module was developed for the control of an Ideal Aerosmith 
model 1291BL single axis automatic positioning and rate table system as depicted in 
Figure 6.2. This table allows for the precise control of a magnetometer’s horizontal 
orientation within the artificial magnetic environment [14]. Rotation within the 
magnetic environment is important when conducting navigation experiments where a 
simulated agent is allowed to orient and virtually travel in an artificial field. While it 
is possible to rotate the magnetic field perceived by an agent in software, conducting 
this rotation in operando allows for a more accurate incorporation of any errors or 
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abnormalities associated with physical systems. The rate table is controlled using a 
serial connection. Due to the table’s rotation, it is not favorable to run a cable 
directly from a magnetometer that is mounted on the rate table to an external 
device. This connection can be made indirectly by utilizing either the networking 
capabilities of the platform or the rate table’s slip ring. Both methods are described 
below. 
Connection to the rate table magnetometer may be achieved wirelessly by 
mounting a Raspberry PI to the rate table’s surface and running an instance of the 
rate table magnetometer hardware control module on this local device. This 
component would be configured to connect to a proxy server instance running either 
locally or remotely. If this proxy server instance is running locally on the Raspberry PI, 
the platform’s client component should be configured with the Raspberry PI’s IP 
address so that it can connect to the magnetometer control module. If the proxy 
server instance is running remotely, the client instance should be configured 
appropriately so that it can also connect to this remote proxy server. If the remote 
proxy server is running on the same device as the client component, this configuration 
should appropriately direct the client to the local proxy server instance. 
Connection with the rate table magnetometer may be achieved more directly by 
taking advantage of the rate table’s slip ring. The rate table provides two DB-37 ports 
on the rotating surface of the rate table and two corresponding ports on the 
stationary rate table chassis. The rate table contains an internal slip ring that is used 
to connect the ports on the rate table’s surface with the ports on the rate table 
chassis. These DB-37 ports have been mapped to DB-9 connectors so that a serial 
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connection can be made between the magnetometer and an external control device. 
Figures 6.3 and 6.4 illustrate this mapping and the paths of the serial pin connections 
as they pass through the rate table slip ring setup. It should be noted that DB-37 pins 
1 through 5 are able to carry a maximum current of 5 amps while pins 6 through 9 are 
limited to 3 amps. Due to the reverse mapping of pins 1 through 9 from the DB-9 to 
DB-37 connectors, this limits DB-9 pins 1 through 4 to 3 amps and pins 5 through 9 to 5 
amps. This should not be a significant limiting factor for serial control as typical serial 
driver circuits output a maximum current of 75 mA [15]. 
 
 
Figure 6.3 – The assembled serial over slip ring apparatus. A magnetometer or other 
serial compatible device can be connected to board a’s DB-9 connector. Pins 1 
through 9 of this connector are mapped to terminals 9 through 1, respectively, on 
board b. The DB-37 connector attached to board b can then be connected to the top 
of the rate table. Board c’s DB-37 connector can be attached to the side of the rate 
table and can access terminals 1 through 9 on board b through the table’s slip ring. 
Board c can then be connected to board d similarly to how boards a and b were 
connected. Pins 1 through 9 on boards a and d are now each connected to one 
another appropriately through the rate table’s DB-37 connectors and slip ring. 
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Figure 6.4 – This image, adapted from [14], illustrates the paths of pins 1 through 9 
from the DB-37 connectors on the side of the rate table to the rate table’s slip ring. 
Pins 1 through 5 of the DB-37 socket are connected directly to the slip ring over 
singly shielded cables while pins 6 through 9 are connected to the slip ring over 
twisted shielded wire pairs as indicated by the obround blue grouping symbols within 
the figure above. Similar wiring methods were used to connect the DB-37 connectors 
on the top of the table to the slip ring. 
 
 
Figure 6.5 – A technical drawing of the rate table support stand. A 2-foot support 
stand column is depicted, although similar designs were used to create 3-foot and 5-
foot columns. 
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A custom PVC support stand was developed for use with the rate table. This 
support stand consists of a steel base plate, a hollow PVC pipe column with a PVC 
base mount, and a movable wooden support platform. A photo of this setup can be 
found in Figure 6.2 and a technical drawing is provided in Figure 6.5. The steel base 
plate contains 8 holes which can be used to mount the stand to the surface of the 
rate table using metal bolts and washers. These holes are 0.5 inches in diameter while 
the bolts are 0.25 inches across. This allows 0.25 inches of additional space in each 
hole which can be used to adjust the position of the stand with respect to the rate 
table’s surface. Washers of various sizes can also be added between the rate table 
and the steel plate in order to adjust the stand’s relative rotation. These features 
make it possible to precisely align the stand’s central axis with the rotational axis of 
the rate table. This is important as misalignment of the stand could result in 
unbalanced horizontal forces as the rate table rotates. These forces, if sufficiently 
strong, could result in unnecessary wear or damage to the rate table and associated 
system hardware. Four threaded holes are also present on the steel base plate which 
are used as an attachment point for the PVC base mount. This base mount is attached 
with four metal bolts. The base plate, bolts, and washers associated with the rate 
table surface are the only ferrous components used in the construction of the support 
stand. Ferrous materials were used for these elements in order to accommodate the 
physical stresses imposed on the stand and to provide a degree of magnetic shielding 
between the rate table body and magnetometers mounted to the support stand’s 
platform [16]. This shielding effect is explored more extensively in section 7.3 below. 
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The PVC base mount was chemically welded (using PVC cement) to the stand’s 
central column. Stands were constructed with three column sizes: 2, 3, and 5 feet. 
Each column contains a series of 0.44-inch mounting holes spaced 2 inches apart along 
its length, extending from 4 inches above the column’s base to 2 inches below the end 
of the column. The stand’s wooden platform can be anchored to the column by 
inserting a nonferrous bolt through a threaded hole on the platform and into one of 
these mounting holes. This allows for the adjustment of the platform’s surface in 
steps of two inches starting from 6 inches above the rate table’s surface. Holes with 
diameters of 1 to 2 inches have been drilled at various points on the wooden support 
stand and along the PVC column to allow cables to be run from the rate table’s 
surface to the stand’s adjustable platform. This is useful when using the previously 
described slip ring setup. This is also useful when attempting to position sensor power 
sources and Raspberry PI control devices such that they interfere minimally with the 
magnetic field near sensors positioned on the adjustable platform. 
6.1.3 Magnetometer 
A magnetometer module was created to sense the magnetic field generated by the 
artificial magnetic environment. This module interfaces with the Sparton AHRS-8 
Attitude Heading Reference System hardware device. This magnetometer measures 
the magnetic field along three axes and connects to the control computer through a 
development board (NDS-1E) using a standard serial connection [17], [18]. The 
magnetometer may also be connected to the control computer over USB using the 
previously described USB to UART virtual com port driver [17]. The use of a USB cable 
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may, however, introduce additional interference into the magnetometer readings as 
suggested in [17]. A non-magnetic serial cable should be used when connecting to the 
magnetometer over serial.  
6.1.4 Rate Table Magnetometer 
A rate table magnetometer component was developed to sense the magnetic field 
generated by the artificial magnetic environment from the rotated reference frame of 
the rate table’s surface. The source code of this component borrows heavily from the 
code of the magnetometer component and provides an example of how source code 
can be shared between hardware control modules without code repetition. The 
magnetometer device specifications and connection methods for this component are 
the same as those for the magnetometer component. It is worth noting that the rate 
table creates a disturbance in the magnetic field of the artificial magnetic 
environment which must be corrected for when interpreting the readings of this 
component. While the rate table is active and rotating, it is possible to obtain useful 
readings from the rate table magnetometer as the rate table’s field can be reliably 
discounted. This is not true for the magnetometer which is in the reference frame of 
the coil system, as the rate table’s magnetic field varies with the table’s orientation. 




An encoder module was developed to allow the platform to interface with US 
Digital USB4 Encoder Data Acquisition USB Devices [19]. The USB4 device can be 
connected to US Digital S1 Optical Shaft Encoders [20] in order to sense the rotational 
position of devices within the artificial magnetic environment. The shaft of this 
encoder can be secured to the rotating surface of the rate table in order to measure 
that rate table’s rotational position. This information can be used in conjunction with 
the rate table’s expected position and internal encoder readings in order to 
determine the rate table’s position with high accuracy and to track differences 
between expected and actual rate table positions. The encoder can also be used to 
measure the rotation of other elements within the artificial magnetic environment, 
such as the orientation of organisms. 
The USB4 device must be connected via USB to a computer running an instance of 
the encoder module. US Digital only offers Windows compatible drivers and DLLs for 
this device and does not have plans to offer Mac compatible drivers in the foreseeable 
future (correspondence between Kenneth J. Lohmann and US Digital, February 2020) 
[19]. As a result, this component can only run in a Windows environment until this 
issue is addressed. If this limitation poses an issue, it can be overcome by exercising 
the platform’s networking capabilities or by adapting the encoder component to work 
with a different encoder device for which the appropriate drivers are available. 
Two networking methods may be used to circumvent this issue. The first involves 
obtaining a windows device and using this computer to run an instance of the encoder 
component. This component can then be connected to a local or remote proxy server 
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in order to communicate with a client component running on a separate device. The 
second solution involves running a Windows emulator in order to install and run an 
instance of the encoder component. The encoder component can be configured to 
connect to a proxy server running on the host machine’s native operating system 
provided that the employed emulator has sufficient networking capabilities. Both of 
these solutions have the disadvantage of introducing additional latency through their 
use of inter-device communication or the introduction of emulator overhead. See 
sections 5 and 6.5 for additional guidance related to networked Caretta2 setups. 
6.2. Hardware User Interfaces 
6.2.1 Coil Calibration 
A coil calibration interface was developed for the client component in order to 
provide users with a method of calibrating the coil system. Once applied, coil 
calibrations are designed to account for the ambient field present within the coil 
system and to relate current vectors for each of the axes to magnetic field component 
vectors. Calibrations are persisted between restarts of the client component and are 
used by other interfaces to convert between current values and expected field 
components and properties. A calibration is created by supplying known currents to 
each of the axis coils, recording the total resultant magnetic field vector components 
within the environment, and using linear regression to relate current values to 
magnetic field component vectors for each axis. 
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Calibrations are made under the following 5 assumptions: 1) the axes of the coil 
system are precisely aligned with the axes of the resultant magnetic field component 
vectors (see section 7.5), 2) the ambient magnetic field is uniform and does not 
fluctuate with time or position within the controlled space of the artificial magnetic 
environment (see section 7.4), 3) the magnetic field generated by the coils for each 
axis are approximately uniform within the environment’s controlled space (see [6], 
[7], and [8]), 4) the magnetometer readings and target current values accurately 
represent the state of the physical system within five seconds of actuation (see 
section 7.2, [21], and [22]), and 5) a linear relationship is present between coil 
current and magnetic field component vectors for each axis (extending to positive and 
negative current values) (see section 7.1). If these assumptions are not met, errors 
may be introduced to the calibration. 
Two manual calibration methods were implemented. Each method allows the user 
to energize the coils to known current values by pressing buttons within the interface 
and require that the user enters the appropriate magnetic field component 
measurements into a set of form fields associated with each button. The coil current 
values associated with these calibrations are reported in Tables 6.1 and 6.2. For both 
methods, the first point is used as a measure of the ambient field and is treated as a 
fixed intercept for linear regression on each axis. One additional measurement is 
collected for each axis while supplying 2 amps of current to that axis and 0 amps to 
all other axes. The four-point manual method involves the collection of no additional 
measurements and fixed intercept regression is completed using the single measured 
current value for each axis. The seven-point manual calibration method involves the 
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collection of one additional measurement for each axis while supplying -2 amps of 
current to that axis and 0 amps to all other axes. Biphasic fixed intercept linear 
regression is then applied for each axis with separate slope values being computed for 
the positive and negative current regions of the calibration [23]. This method is 
meant to account for possible differential responses to positive and negative currents 
by the coil system. 
Four-point and seven-point automatic calibration methods are also provided when 
a magnetometer component is connected to the system. These methods automatically 
perform the steps outlined above for manual calibrations. Five seconds are allowed 
between coil actuation and field measurement to provide ample time for the field 
measurement to stabilize. An evaluation of coil and magnetometer stabilization time 
is made in section 7.2 below. 
 
 Up North West 
Point 1 0 amp 0 amp 0 amp 
Point 2 2 amp 0 amp 0 amp 
Point 3 0 amp 2 amp 0 amp 
Point 4 0 amp 0 amp 2 amp 
 
Table 6.1 – The current values used with each axis of the coil system for each 
calibration point during the four-point calibration procedures. 
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 Up North West 
Point 1 0 amp 0 amp 0 amp 
Point 2 2 amp 0 amp 0 amp 
Point 3 0 amp 2 amp 0 amp 
Point 4 0 amp 0 amp 2 amp 
Point 5 -2 amp 0 amp 0 amp 
Point 6 0 amp -2 amp 0 amp 
Point 7 0 amp 0 amp -2 amp 
 
Table 6.2 – The current values used with each axis of the coil system for each 
calibration point during the seven-point calibration procedures. 
 
6.2.2 Coil Actuation 
A coil actuation interface was integrated into the client component to allow for 
the precise control of the currents, magnetic field components, and magnetic field 
properties within the artificial magnetic environment. This interface allows users to 
specify coil currents for each of the coil system’s axes. If a coil calibration is applied, 
these current values are automatically converted into expected magnetic field 
component and property values and are displayed within the interface. In the 
presence of an applied calibration, the interface also allows for both the expected 
field components and expected field properties to be specified. When these values 
are updated, the applied calibration is used to determine the appropriate current 
values to supply to each axis of the coil system. When a calibration is applied, an 
additional option is provided that allows users to update the field within the artificial 
magnetic environment using latitude and longitude coordinate values. When these 
values are supplied, the World Magnetic Model (WMM) [11], which provides estimates 
of the magnetic field for all points on the Earth’s surface, is used to convert from 
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location to magnetic field properties. These properties are then used to update the 
currents supplied to each axis of the magnetic coil system. 
6.2.3 Rate Table Actuation 
A rate table interface was developed to provide a method of actuating a rate table 
device associated with the system. This interface allows a user to set the rotational 
position of the system’s rate table and to activate or release the rate table’s brake. 
6.2.4 Magnetometer Sensing and Calibration 
A magnetometer interface was integrated into the client component in order to 
display the field components and properties sensed by the system’s magnetometer 
component and to provide a method of calibrating the magnetometer’s alignment. 
This interface presents the magnetometer’s field readings as components (Up, North, 
and West) and as properties (Intensity, Inclination, and Declination). Yaw, pitch, and 
roll fields are also provided so that the magnetometer’s rotation can be adjusted in 
software. The raw field components supplied by the magnetometer are rotated based 
upon these parameters when they are received by the client component. When the 
coil system component is connected, a button is provided in the interface that allows 
users to perform an automatic magnetometer alignment. 
This automatic alignment procedure sets each axis of the coil system to a known 
current value, records the resulting magnetometer readings, and attempts to adjust 
the magnetometer rotation parameters until the axes of the magnetometer are 
aligned with the axes of the coil system. The first magnetometer reading is collected 
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with current values of 0 amps on each axis. This value is used as a zero and is 
subtracted from the other readings. One additional reading is collected for each axis 
with the current for that axis set to 2 amps and the current for all other axes set to 0 
amps. If the magnetometer and coil system were perfectly aligned, it is assumed that 
these zeroed readings would have a non-zero component on the axis that was 
actuated with 2 amps and would have components with zero intensity on the other 
two axes. More generally, the sum of the squares of the angles between the zeroed 
reading vector and appropriate axis basis vector for each axis would be zero. This sum 
is represented by the equation ∑ 	 #cos!" '#!	∙	&'!‖#!‖ ()
)
*	∈	{-,/,0} , where 𝑢* and 𝑣,* represent 
the magnetometer reading vector obtained when actuating axis 𝑖 and the basis unit 
vector for axis 𝑖, respectively. The alignment procedure adjusts the rotations of these 
collected readings until this sum of squares error is minimized. The calibration space 
is assumed to be continuous and to have a single minimum. A combination of the 
linear and binary search algorithms is used to complete this optimization. For each 
parameter, linear search is used to evaluate sums at a set of evenly spaced points 
within the sample space. The parameter sample space is then halved by identifying 
the region where the combined sum of these sums is minimized. This process is 
repeated until each parameter is within 0.01 degrees of the identified minima. 
Unlike the coil calibration data, these rotation values do not persist when the 
client component is restarted. This was done to ensure that the magnetometer is 
recalibrated each time the system is used and any small disturbances to the 
magnetometer’s position are corrected. 
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6.2.5 Rate Table Magnetometer Sensing and Calibration 
A rate table magnetometer interface was developed to allow for the display of 
rate table magnetometer readings and for the calibration of this device. The rate 
table magnetometer interface functions similarly to magnetometer interface. Reading 
labels are adjusted to accommodate the adjusted reference frame with the north, 
east, south, and west direction labels being replaced by forward, right, backward, 
and left, respectively. The implementation of this interface provides an example of 
how the code for one interface can be adapted and re-used to form additional 
interfaces with minimal code repetition. 
6.2.6 Encoder Sensing and Calibration 
An encoder interface was developed to allow for the display of encoder bearing 
values and to allow for encoder zeroing. This interface displays the encoder bearing in 
degrees and provides a button which can be used to zero the encoder. 
6.3. Model Interface 
An additional interface was incorporate into the client component in order to 
allow for the specification of WMM parameters. This interface contains two sections, 
an evaluation section and a parameters section. The evaluation section allows the 
user to enter latitude and longitude coordinate values and to view the resulting 
magnetic field properties returned by the WMM. The parameters section provides a 
drop-down menu where the WMM’s coefficient file can be selected. By default, 
Caretta2 includes all coefficient files released for the WMM by the National Centers 
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for Environmental Information between 2015 and 2019. Additional coefficient files can 
be added to the project’s ‘client/data/models’ directory. Once selected, WMM 
parameters are persisted between restarts of the client component. 
6.4. Hardware Control Module Setup 
During installation, the setup script will prompt the user to provide the settings 
values required by each hardware control module. Once supplied, these values are 
used to generate .env files in each module’s root directory. The presence of a .env 
file is used to determine the installation status of each hardware module. If a .env 
file is present for a given module, it is assumed that that module is installed and 
should be started when the startup command is executed. These .env files can be 
edited or deleted manually for each module although they should not be created for 
modules that are not yet installed. The installation script should be used to install 
modules so that dependency installation and source code transpilation can be 
completed appropriately. This section outlines the parameters required by each 
hardware control module. 
6.4.1 All Modules 
All modules, including hardware control modules, the client module, and the proxy 
server module, require a Caretta2 security token (CARETTA_TOKEN parameter). This 
token can only contain letters, numbers, underscores, and dashes and should be 
consistent across all modules associated with a Caretta2 instance. For local 
installations where a single proxy server is used and this proxy server is not exposed 
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to the network, this token can be safely set to its default value of ‘local’. For 
networked installations, this token should be set to a unique value so that modules 
associated with different Caretta2 instances are unable to interfere with one another. 
It is recommended that networked Caretta2 systems are never exposed on a public 
network as the WebSockets connections used by each component are not secured. As 
a result, attackers are able to intercept communications sent by the system and are 
not prevented from modifying messages or creating fake messages within the system. 
This may result in an attacker gaining access to and possibly damaging actuators 
connected to the system. If a networked Caretta2 instance must be connected to a 
public network, it is recommended that the communications protocol is updated to 
WebSockets over SSL/TLS and that self-signed certificates are used to uniquely 
identify devices connected devices and to encrypt transmitted messages. It is also 
recommended that certificate pinning is used to verify the identity of each 
component connected to the system. 
All hardware control modules also require a proxy server socket address 
(PROXY_SERVER parameter). This value should contain an IP address and a port 
separated by a colon and is used to connect to a proxy server component. 
6.4.2 Coil System 
The coil module requires four additional configuration parameters, one for each of 
the connected power supplies. The driver power supply parameters 
(SERIAL_LOCATION_ID_UP, SERIAL_LOCATION_ID_NORTH, and 
SERIAL_LOCATION_ID_WEST parameters) specify the serial location IDs of each axis’s 
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power supply. Serial paths were not used for these devices as they were found to 
change each time the system was restarted or the devices were reconnected due to 
the behavior of the USB to UART driver. Location IDs, however, were found to remain 
constant across restarts and reconnections. This problem was uniquely associated with 
these devices and serial paths were used to identify all other serial devices. A control 
serial path (SERIAL_PATH_CONTROL parameter) is also required by the coil system 
module in order to establish a connection with the control power supply. 
6.4.3 Encoder 
The Encoder module does not require additional configuration parameters. Rather 
than connecting to the USB4 device over serial, the US Digital USB4 DLL is used to 
automatically detect and interface with any connected USB4 devices. In order for the 
encoder module to function properly without modifications, only one USB4 device 
should be connected to the system running an instance of the module. The S1 encoder 
device should also be connected to the USB4’s first port (encoder port 1). 
6.4.4 Other Modules 
The rate table, magnetometer, and rate table magnetometer modules all require 
only a single configuration parameter (SERIAL_PATH). This parameter is used to 
establish a serial connection with the associated hardware device. 
6.5. Example Systems 
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This section outlines a set of potential real-world Caretta2 setups. The setups 
described include a variety of potential hardware control module combinations and 
network conditions that may be encountered when using the Caretta2 platform. 
In the most basic case, we can consider an experimental setup that involves a 
solitary coil system for an artificial magnetic environment. In this case, all 
components can be connected to a single computer running the coil hardware control 
module, a local proxy server, and a Caretta2 client instance. Both the client and the 
coil control module should be configured to look for the local proxy server in order to 
establish a line of communication. Because this setup is not networked, this central 
computer does not need to be accessible by other devices and does not require port 
forwarding to be discoverable on the network. Because this system is less exposed to 
network threats, the Caretta2 security token used for the setup does not need to 
protect against malicious connections and can be set to the default value of local. 
Additional hardware control modules can be installed on this system without 
complicating the setup. This setup corresponds to the configuration depicted in Figure 
5.1a. 
A more advanced setup may build upon this configuration by adding a rate table 
with an onboard magnetometer to sense the magnetic field parameters from the 
perspective of the rate table platform. With this extended setup, the rate table may 
be directly connected to the main computer while it may be necessary to connect the 
magnetometer to a Raspberry PI which must then connect to the main computer over 
the network. The rate table can be accommodated in the Caretta2 setup without 
major adjustments by installing the rate table hardware control module on the main 
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device. A variety of architecture extensions can be employed in order to 
accommodate the added magnetometer as described in section 5 above. 
Directly connecting these two devices over the local network would require that 
one of the computers is configured with an exposed IP address. The other computer 
can then use this IP address to establish a connection and transfer magnetometer 
data. This poses a potential security risks in that other computers connected to the 
network can also attempt to access this computer using its exposed IP address. 
Devices involved with Caretta2 systems should never be configured to expose Caretta2 
modules to the internet. This poses a significant security risk as described in section 
6.4.1 above. 
As a final architecture example, consider the case in which the hardware devices 
must be controlled remotely. This may be necessary when controlling the system from 
a building that is separate from the building that houses the system’s hardware 
devices. With this example setup, all hardware devices are connected to computer 1 
and the client instance is running on computer 2. Both computers are on the same 
local network. With this configuration, a proxy server component can be installed on 
computer 1 and this device can be configured so that its IP address is exposed on the 
local network. The client component running on computer 2 can then be configured 
with computer 1’s IP address so that it can connect to the remote proxy server. This 
setup enables remote experiment control but also introduces additional latency into 
the sensing and actuation of hardware components. 
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7. Verification 
7.1. Coil System – Linearity 
Based upon Maxwell’s equations regarding the relationship between current and 
the intensity of magmatic fields, it is expected that a linear magnetic response is 
produced within the artificial magnetic environment upon actuation of the coil 
system. This assumption was tested for a single coil system axis directly as described 
in this section and indirectly through the integrated system testing discussed in 
section 7.8 below. Direct testing involved the actuation of a single coil axis and 
subsequent measurement of the magnetic response on that axis for a variety of 
current values. The methods and results of this evaluation are discussed in the 
following paragraphs. 
The methods used for coil system linearity testing involved first aligning the 
magnetometer with the coil system using the automated alignment procedure outline 
in section 6.2.4 above. For each trial, the up and west axis coils were set to 0 amps 
while the north coil was varied from -5 to +5 amps in steps of 0.5 amps. Five seconds 
were allowed for stabilization of the magnetometer readings between actuation and 
measurement. Three successive trials were conducted with zeros being collected 
before and after each trial so that the impact of magnetic drift could be estimated.  
Figure 7.1 illustrates the relationship found between coil current and magnetic 
field intensity for one axis of the coil system. The R2 value for this data is 0.999972, 
indicating that the correlation between these values is well explained by a linear 
model. The average difference between the zeros collected before and after each 
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trial (a measure of magnetic drift) was 6nT or about 0.01% of the Earth’s average field 
strength. These results indicate that a pronounced linear relationship is present 
between current and magnetic field intensity for a single axis of the coil system. No 
significant deviations or abnormalities were detected, and a monophasic regression 
seems to sufficiently accommodate the observed coil response for both positive and 






Figure 7.1 – A plot relating coil current to magnetic field intensity along one axis of 
the coil system. Sample points are indicated with round markers. The dashed line 
represents the linear regression line of fit through the sample points. The equation 
for this line is plotted on the graph along with an R2 value for the regression. 
 
7.2. Coil System – Dynamics 
The dynamics of the coil system were tested to determine the amount of time 
required for settling between coil actuation and accurate magnetic field 
measurement. The dynamics tests conducted take into consideration power supply 
response and actuation times, magnetic field settling times (as a result of coil 
inductance), and magnetometer sensing times. Dynamics measurements were 
collected by a non-networked Caretta2 setup with a magnetometer component that 
was modified to provide high frequency field measurements (100 Hz) with associated 
timestamps accurate to within 5 milliseconds. As a result, network and polling delays 
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were not taken into account in this analysis. For non-networked setups, networking 
delays on the order of 3 milliseconds have been observed during trials. The standard 
polling delay for the coil component is 100 milliseconds and the default polling delay 
for the magnetometer component is 200 milliseconds. As a result, at least 306 
milliseconds of additional time should be allowed between coil actuation and 
magnetometer sensing in order to account for intrinsic network and polling delays. 
Additional time may be appropriate for networked setups based upon network 
latency. 
A total of six dynamics experiments were conducted, each consisting of three 
trials. These experiments consisted of dynamics measurements of the following six 
changes in coil current for the north coil: from +5 to -5 amps (p-n),  from -5 to +5 
amps (n-p), from 0 to -5 amps (0-n), from 0 to +5 amps (0-p), from +5 to 0 amps (p-0), 
and from -5 to 0 amps (n-0). All other axes were held at 0 amps for the duration of 
each trial. Each trial consisted of actuating the coil system to the initial current 
value, waiting 5 seconds for system equilibration, initiating magnetometer data 
collection, waiting one second to establish a baseline magnetometer reading, 
actuating the coil system to the final current value, and waiting one second to collect 
appropriate dynamics measurements. A data collection frequency of 100 Hz was used.  
The resulting dynamics plot for a single p-n trial is included in Figure 7.2 for 
reference. The data collected for each trial was parameterized by calculating signal 
delay, rise, and settling times according to the methods outlined in [24]. Briefly, 
delay time represents the amount of time required for the magnetic field response 
signal to reach 50% of its final value following actuation. Rise time was calculated as 
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the amount of time required for the response signal to transition from 5% to 95% of its 
final value. Settling time was calculated as the total time required for the response 
signal to reach 95% of its final value following actuation. The values obtained for each 




Figure 7.2 – A plot tracking the magnetic field intensity along one axis of the coil 
system over time as the coil’s current was adjusted from +5 amps to -5 amps (p-n). 
Time is zeroed relative to the moment that the actuation command was sent to the 
control power supply to initiate this change. Three trials are represented in the 











p-n 105.9787723 26.73922067 127.284998 
n-p 120.9638733 32.01465567 152.9581463 
0-n 62.30189067 58.585923 110.2503297 
0-p 70.265229 53.38280433 102.323489 
p-0 62.57861767 53.367724 99.82461 
n-0 57.04348767 53.42849133 105.1243787 
Standard 
Deviation 
p-n 1.901719909 9.316013429 8.883957456 
n-p 1.883842352 0.186884612 1.870707448 
0-n 1.569846708 9.136283399 1.503180559 
0-p 6.33864453 9.229829428 11.93949681 
p-0 0.999810338 9.122134628 10.01124342 
n-0 8.278544844 9.094046425 8.286660026 
 
Table 7.1 – The average and standard deviation values obtained for the delay, rise, 
and settling times of the artificial magnetic environment and magnetometer 
system’s response to a variety of extreme changes in coil current along a single axis. 
The current changes tested were from +5 to -5 amps (p-n),  from -5 to +5 amps (n-p), 
from 0 to -5 amps (0-n), from 0 to +5 amps (0-p), from +5 to 0 amps (p-0), and from -
5 to 0 amps (n-0).  
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Figure 7.3 - A set of charts illustrating the delay, rise, and settling times (a, b, and 
c, respectively) of the artificial magnetic environment and magnetometer system’s 
response to a variety of extreme changes in coil current along the north axis. The 
current changes tested were from +5 to -5 amps (p-n),  from -5 to +5 amps (n-p), 
from 0 to -5 amps (0-n), from 0 to +5 amps (0-p), from +5 to 0 amps (p-0), and from -
5 to 0 amps (n-0). The p-n and n-p changes were achieved through the actuation of 
the control power supply and reversal of the driver power supply’s connection with 
the coil system. All other changes were achieved through actuation of the driver 
power supplies. Error bars represent the 95% confidence interval across three trials. 
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As described in section 6.1.1, the coil actuation system for each axis includes a 
driver power supply, a pair of relays capable of reversing the effective polarity of the 
driver power supplies, and a control power supply channel responsible for actuating 
the relays. The p-n and n-p experiments involved no changes to the magnitude of the 
current supplied to the power supplies but reversed the direction of this vector 
quantity. The remaining trials, 0-n, 0-p, p-0, and n-0, involved changes to current 
magnitude but not to current direction. Each of these experiment types tested 
different aspects of the actuation setup. Experiments involving a change in current 
direction tested the response time of the control power supply and relays in addition 
to the driver power supplies ability to adapt to a reversal of coil polarity. Experiments 
involving a change in current magnitude tested the ability of the driver power 
supplies to adjust their output under the load of the coils. 
For the experiments that involved relay actuation, delay time is higher and rise 
time is lower than for the experiments that involved driver power supply actuation. 
This seems to indicate that the control power supply may be slower to respond than 
the driver power supplies or that the indirect actuation of the relays through the 
control power supply results in additional actuation delay time. Once the relays are 
actuated, the driver power supplies are able to adjust to the reversal in coil polarity 
and achieve the target current value more quickly than when they are themselves 
actuated, as represented by the shorter rise time. Driver power supply actuation 
results in a shorter delay time but a longer signal rise time. The total settling time is 
longer by approximately 36 milliseconds for actuations of the control power supply 
than for actuations of the driver power supply. This difference is, however, relatively 
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minor, and all types of actuations are completed within approximately 155 
milliseconds. 
This overall actuation response time can be combined with the previously 
described network and polling delay allowance in order to arrive at a minimum 
allowable settling time of 461 milliseconds for the coil and magnetometer setup. For 
all automated calibration and alignment procedures, a settling time of 5000 
milliseconds is used in order to provide an additional allowance of 4539 milliseconds 
for possible computer processing delays and network latencies. This delay time 
between coil actuation and magnetometer sensing also suggests a maximum 
frequency of 2.17 Hz for tasks that rely upon continuous actuation and sensing of the 
artificial magnetic environment. Tasks of this type may include closed loop control of 
the coil system and real time sensing and navigation experiments. 
7.3. Rate Table 
A number of experiments were conducted to explore the magnetic field produced 
by the rate table, including its variability and dynamics. For each experiment, 
experimental procedures are presented followed by an interpretation of the results 
obtained. 
7.3.1 Field Intensity and Sensing Height 
The first experiment that was conducted aimed to measure the intensity of the 
field generated by the rate table as a function of height above the rate table’s 
surface. Measurements were collected by placing the magnetometer at various 
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distances above the table’s surface using the PVC stand describe in section 6.1.2 
above. For each measurement height, a series of 100 magnetometer readings were 
collected at a frequency of 5 Hz while the rate table’s brake was engaged, the table’s 
brake was released to activate the table’s motor, 5 seconds were allowed for field 
and magnetometer stabilization, and a second series of readings were collected using 
an identical collection method. For these measurements, the magnetometer was 
positioned 4 inches from the rate table’s axis of rotation. The first set of 100 readings 
were averaged to obtain an estimate of the ambient field. This ambient field value 
was subtracted from the readings collected while the rate table’s brake was released. 
An intensity value was then calculated for each zeroed rate table field reading and 
these values were averaged for each distance to obtain intensity measures. Sample 
standard deviation values were determined using these calculated intensities. 
Figure 7.4 illustrates the results of this experiment. This figure shows that 
significant deviations from the line of fit are present at low height values. This may 
be due to the assumption by the inverse square line of fit that the field is generated 
by a point source or may be attributable to the steel base plate’s magnetic shielding 
properties. This figure also shows that the rate table’s magnetic field can be as 
intense as 1000 nanotesla at distances as short as 24 inches above its surface. If this 
field was not accounted for, substantial deviations would be observed within the 
artificial magnetic environment. 
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Figure 7.4 - A plot of the intensity of the magnetic field generated by the rate table 
at various heights above the table’s surface. The dark grey line represents the data 
collected for this trial. The points marked with open boxes represent field intensity 
values obtained at various distances while mapping the field as described below for 
Figure 7.9. The steel support stand baseplate was mounted to the surface of the rate 
table during the collection of all datapoints included in this plot. The datapoints 
included from Figure 7.9 were collected at a greater distance from the rotational 
axis of the table than the samples collected for this figure. The height values for 
these points were adjusted to account for this difference. The dashed line represents 
the expected field intensity trend according to the inverse square law for magnetic 
field flux density. This trendline was fit using the datapoints for distances greater 
than 12 inches. The sets of readings at each distance were found to have standard 
deviation values of less than 6 nanoteslas. 
 
In addition to the data collected for this experiment, Figure 7.4 contains 
datapoints from a latter experiment conducted to map the rate table’s magnetic 
field. These datapoints were collected at points with a different radius from the rate 
table’s axis of rotation than the points collected during this experiment. As a result, 
these field map intensities were transformed before they were plotted in order to 
adjust for this discrepancy. The field map readings were collected at a radius of 8 
inches and at heights of 6, 24, 42, and 60 inches above the rate table’s surface. 
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Figure 7.5 depicts the results of this transformation when it is applied to a sample 
point. During this transformation, the distance between the datapoint (𝑎) and the 
center point of the rate table’s surface (𝑐) is held constant while the radius is 
adjusted from 8 inches (𝑟) to 4 inches (𝑟′). The equation ℎ′ = 	√𝑟) − 𝑟′) + ℎ) was used 
to obtain the transformed height value (ℎ′). 
 
  
Figure 7.5 - A diagram detailing the height transformation used to account for 
differences in sample collection point radii. The view presented in this figure 
represents a longitudinal section through the rate table with point 𝑐 denoting the 
center of the rate table and line 𝑡 representing the rate table’s axis of rotation. 
Point 𝑎 represents a datapoint collected during the field mapping experiment at a 
radius of 8 inches (𝑟) and point 𝑎′ represents the location of this point after its 
radius has been reduced to 4 inches (𝑟′) and the height transformation has been 
applied. ℎ and ℎ′ represent the initial and transformed height values, respectively.  
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7.3.2 Field Intensity and Table State 
The second experiment conducted for the rate table aimed to measure the 
intensity of the rate table’s field across various states of brake activation and rotation 
speed. The datapoint collection procedure for this experiment involved adjusting the 
rate table’s state, waiting 5 seconds for the magnetic field to stabilize, and obtaining 
100 magnetometer readings at a rate of 5 readings per second. Datapoints were 
collected while the table’s brake was engaged and while the brake was released and 
the table was rotating at 0, 10, 50, 100, 250, 500, and 1000 degrees per second. One 
datapoint was collected at the beginning of the experiment with the rate table turned 
off and was used as a zero for all of the following datapoints. Control datapoints were 
collected with the table off before and after the collection of the other datapoints. 
No steel plates were present on the rate table during the course of this experiment 
and the magnetometer was placed at a fixed position relative to the room at a 
distance of about 2 inches above the center of the rate table’s surface. 
Figure 7.6 plots the results of these trials with each bar representing the average 
intensity of the 100 samples collected for the corresponding datapoint and each pair 
of error bars representing the standard deviation of the collected sample intensities. 
The results of this experiment indicate that the rate table does not generate a strong 
magnetic field when turned off or while the brake is engaged. A field is, however, 
generated while the table’s brake is inactive even if the table is not rotating. This 
experiment also indicates that the intensity of the rate table’s magnetic field may 
change by as much as 11% as the table’s rate of rotation changes from 0 to 1000 
degrees per second. 
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Figure 7.6 – A chart tracking the intensity of the rate table’s field across a variety of 
table states. Error bars representing the standard deviation in the measured values 
are also present. 
 
7.3.3 Field Dynamics 
The third experiment conducted with the rate table explored the dynamics of the 
table’s field as the brake is actuated. For this experiment, data was collected by 
obtaining magnetometer readings at a rate of 150 Hz while enabling the table’s 
brake, waiting 2 seconds, disabling the rate table’s brake, and waiting an additional 2 
seconds. Five trials were conducted with and without the steel baseplate. The 
ambient field was estimated using a subset of the readings collected during the first 
trial for each setup between 1200 and 1900ms. All other field readings were zeroed 
relative to the ambient field before intensities were calculated for plotting. Readings 
were collected at a distance of approximately 2 inches from the surface of the rate 
table as described in the procedure for the second rate table experiment. 
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Figure 7.7 - A plot depicting the changes in magnetic field intensity over time as 
measured by the magnetometer while the rate table’s brake is engaged and 
disengaged. Two datasets are depicted, one with and one without the steel baseplate 
mounted to the rate table. The rate table’s brake was engaged at 0ms and was 
disengaged at 2000ms for each trial. 
 
The results of this experiment are presented in Figure 7.7. These results indicate 
that the presence of the steel base plate does not significantly impact the dynamics 
of the rate table’s field as sensed above the table’s surface but does reduce the 
field’s overall intensity. This experiment also shows that a brief anomaly is present in 
the rate table’s field as the table’s brake is actuated. The intensity of the rate table’s 
field is shown to stabilize after about 1000ms when the table’s brake is engaged and 
after about 500ms when the brake is disengaged. 
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7.3.4 Field Intensity and Table Position 
The fourth rate table experiment aimed to track the intensity of the rate table’s 
field as a function of rotational position. This was achieved by rotating the table with 
a speed of 100 degrees per second while simultaneously collecting readings of 
magnetometer field and rate table position at a rate of 150 Hz. Five trials were 
conducted with and without the baseplate. The table was allowed to complete a full 
rotation at this rate before and after each trial’s data collection window. Zeros were 
collected for each table setup using the zeroing procedure described above for the 
third rate table experiment. These zeros were subtracted from all collected 
magnetometer readings before intensity values were calculated for plotting. As with 
the second and third rate table experiments, for this experiment the magnetometer 
was located on the rate table’s axis of rotation, was positioned approximately 2 
inches from the table’s surface, and was not allowed to rotate with the table. 
The results of these trials are presented in Figure 7.8. Unlike the behavior 
observed with the rate table brake dynamics, the presence of the baseplate in this 
experiment resulted in a major change in the behavior of the field as the table and 
baseplate were rotated. When the baseplate was present, table rotation caused the 
field to fluctuate significantly and predictably with a period of 360 degrees, a mean 
intensity of approximately 36,000nT, and an amplitude of about 19,000nT. Without 
the steel baseplate, the field intensity fluctuations remained consistent between 
trials at each table position and fluctuated with a mean value of approximately 
28,000nT, an amplitude of about 300nT, and a rate of 11 peaks per rotation. These 
findings indicate that the field produced by the rate table, in the presence of the 
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steel baseplate, fluctuates considerably when sensed from a frame of reference that 
is not rotating with the surface of the table. The following field mapping experiment 
considers the properties of the magnetic field produced by the table when observed 
from a reference frame that rotates with the table’s surface. 
 
 
Figure 7.8 - A plot depicting the intensity of the field generated by the rate table as 
a function of table position. Trials were conducted both with and without the 
presence of the steel support stand baseplate. 
 
7.3.5 Field Mapping 
A fifth rate table experiment was conducted to map the ambient magnetic field 
and the rate table’s magnetic field in the area above the rate table’s surface. For this 
experiment, the magnetometer was positioned using the support stand at a radius of 
8 inches from the table’s axis of rotation and heights of 6, 24, 42, and 60 inches 
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above the surface of the rate table. At each height, trials were conducted by rotating 
the rate table to an appropriate position for the collection of a sample point, applying 
the rate table’s brake, waiting 5 seconds for the field and magnetometer to stabilize, 
collecting 25 field readings over the course of 5 seconds, disengaging the rate table’s 
brake, waiting 5 seconds for the field to stabilize, and collecting another set of 25 
readings over the course of 5 seconds. Each set of 25 readings was averaged to reduce 
the impact of sensor noise. This procedure was repeated for each sample position 
about the table’s axis of rotation. Five trials were conducted for each height. 
 
 
Figure 7.9 - A mapping of both the ambient magnetic field and the magnetic field 
produced by the rate table in the space above the table’s surface. Field vectors are 
plotted at 12 positions around the rate table’s axis of rotation and at four distances 
from the rate table’s surface. Green arrows represent the readings collected for 
each trial while black arrows represent the averaged reading vector for each sampled 
point. The transparent blue objects represent the rate table’s surface and the 
support stand. Vectors are scaled according to field intensity. a) A mapping of the 
ambient field. b) A mapping of the field produced by the rate table. Vectors are 
scaled according to field intensity. c) A mapping of the field produced by the rate 
table. Vectors are scaled according to field intensity on a per-height basis. Vector 
magnitudes are only comparable among vectors with the same distance from the 
surface of the rate table. 
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The results of this experiment are plotted in Figure 7.9. The data analysis 
procedure for Figure 7.9a involved calculating the intensity, inclination, and 
declination values for each sample point using the reading average taken while the 
table’s brake was engaged, subtracting the table’s position angle from the declination 
angle of each datapoint so that all samples were rotated identically relative to the 
room’s reference frame, and converting these intensity, inclination, and declination 
values back into vector components for plotting. These datapoints were then plotted 
on the 3D diagram based upon their positions and components. For Figures 7.9b and 
7.9c, the data collected with the brake engaged was subtracted from the data 
collected while the brake was released, and the same analysis procedure was applied. 
This subtraction step was added to discount the effects of the ambient field. 
Figure 7.9a illustrates the uniformity of the ambient field in an indoor laboratory 
environment. Deviations are visible at the highest and lowest heights sampled. Close 
to the table, it is likely that the steel baseplate is interfering with the magnetic field 
by shielding the magnetometer from the ambient magnetic field approaching from 
below. As a result, the vertical component of these vectors is decreased. A metal 
vent was also present above the setup which may help to explain the deviations 
observed near the top of the support stand. At this height, field lines may be 
attracted to the metal vent leading to an increase in the upward component for these 
field vectors. The deviations at this extreme may also be attributable to the presence 
of pipes and wires in the room’s ceiling as explored in [16]. The field is most 
consistent at the two intermediate height values. Figures 7.9b and 7.9c illustrate the 
significant decrease in intensity and inclination as distance from the rate table is 
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increased. It is also apparent that the horizontal component of the field is 
consistently directed away from the rate table’s axis of rotation when sensed from a 
frame of reference that rotates with the table’s surface. Magnetometer readings 
collected for each trial are relatively similar, as indicated by the coincidence of the 
green field vectors. 
The data collected for this experiment was also analyzed to determine the 
standard deviation present in the field across all positions sampled for each height. 
For this analysis procedure, the corresponding sample values across each trial of the 
same type were averaged. The averaged measurements for samples collected while 
the rate table’s brake was engaged were used as a representation of the ambient 
field. These sample points were each subtracted from the corresponding averaged 
measurements for samples collected while the rate table’s brake was not engaged in 
order to obtain an estimate of the field produced by the rate table. For both the 
ambient and rate table fields, at each height value an average was taken across all 
sample points with that height value. The magnitude of the difference between this 
vector and each sample point for the corresponding height value was used as a 
measure of that point’s deviation. Standard deviations were then obtained for each 






The results of this analysis are depicted in Figure 7.10. From this analysis, a 
decreasing trend in the deviation of the rate table’s magnetic field can be observed 
as distance is increased. The table’s field is least consistent close to the rate table 
and deviation decreases as the magnetometer is moved further from the table’s 
surface. The intensity of the rate table’s magnetic field also decreases with distance 
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and this decrease in overall field intensity likely contributes to the observed decrease 
in field deviation. With the ambient field, the greatest level of deviation is observed 
near the steel baseplate. Increased deviation is also present in the ambient field near 
the top of the support stand where materials in the lab’s ceiling may be contributing 
to variations in the ambient magnetic field as previously described. Deviations in the 
ambient field are minimized at intermediate distance values. This figure also 
illustrates the different scales of the deviations present in the rate table and the 
ambient magnetic fields. Deviations observed in the ambient field possess magnitudes 




Figure 7.10 - Standard deviation in the intensity of the ambient magnetic field and 
the field attributed to the rate table across sample points collected at various table 
positions as a function of distance from the rate table’s surface. 
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7.4. Ambient Field Uniformity 
The uniformity of the field produced by the artificial magnetic environment is 
dependent upon the uniformity of the environment’s ambient magnetic field. Any 
spatial or temporal irregularities in this ambient field will result in corresponding 
irregularities in the field produced within the controlled environment. As a result, it is 
important that the uniformity of the ambient field is explored. In the previous 
section, the spatial uniformity of the ambient field in a laboratory environment was 
analyzed. Figures 7.9a and 7.10 illustrate the ambient field and its deviation in this 
environment. Significant variation was observed in the field near ferrous materials 
such as the rate table and ceiling vents. The ambient field was found to be more 
consistent in areas that were 2 or more feet from these objects. The standard 
deviation in the field within these more isolated regions was estimated to be less than 
500 nanotesla. 
A number of analyses are also present in the literature that explore distortions to 
the ambient field in the vicinity of buildings [25], [16]. One such analysis concluded 
that significant temporal variations in the ambient field can occur on floors above 
those housing electrical equipment in commercial buildings [16]. These variations 
were reported as having magnitudes as high as 6000 nanotesla, or about 13% of the 
intensity of the Earth’s magnetic field in North Carolina, as reported by the WMM. 
7.5. Magnetometer – Calibration and Alignment 
The Sparton magnetometers used with the Caretta2 system were calibrated using 
the 3D calibration procedure outlined in [17]. This procedure involved rotating that 
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device to 12 approximately evenly spaced calibration points while the magnetometer 
remained within a region of constant magnetic field intensity and direction. The field 
readings collected during the calibration process were combined with gyroscope and 
accelerometer readings by the Sparton device in order to adjust the relative 
sensitivities, directions, and zeros associated with each axis of the sensor. Following 
calibration, a Euler rotation matrix is applied to the magnetometer’s readings in order 
to account for nonorthogonalities intrinsic to the sensor’s axes, to ensure that all axes 
report a field measurement of zero in the absence of a magnetic field component on 
that axis, and to ensure that all axes respond identically to the same supplied field. 
Total field intensity is calibrated for the magnetometer at the time of manufacture 
[17]. 
After completing this calibration procedure for two magnetometers, the total field 
intensities reported by both sensors were compared. In the presence of the ambient 
North Carolina field, these sensors reported intensity values of 52087.9 and 52055.2 
nanotesla, respectively. A 0.06% difference is present between the values reported by 
the two sensors. The WMM estimates that the intensity of the ambient field in Chapel 
Hill was 49599.3±145 nanotesla at the time that these readings were collected, 
although this estimation does not take into account local crustal variations in the 
Earth’s magnetic field. This indicates that the measured field intensity differed from 
the expected actual field intensity by at least 2310.9 nanotesla. These readings were 
collected in a lab on the campus of UNC Chapel Hill. As such, it is expected that the 
ambient field intensity and direction is modified by as much as 6000 nanotesla due to 
the presence of electrical wiring and ferrous materials in the structure [25], [16]. The 
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agreement of the field estimation by the two tested magnetometers and relative 
absolute accuracy in reporting the ambient field present in the test environment are 
taken as evidence of the accuracy of the values reported by these sensors. 
An additional experiment was conducted in order to assess the orthogonality of the 
axes of the magnetometer and coil system. For this test, a calibrated magnetometer 
was placed within the coil system and the automatic magnetometer alignment 
procedure was completed as described in section 6.2.4. Following the alignment, 
seven magnetometer readings were collected according to the seven-point automatic 
coil calibration procedure outline in section 6.2.1 above. These readings were used to 
assess the relative orthogonality of each of the coil system’s axes. The results of this 
assessment are outline in table 7.2. This experiment indicates that deviations from 
orthogonality are on the order of 0.1 degrees. Although only one set of values is 
reported, this test was conducted multiple times for both calibrated magnetometers, 
and similar results were obtained. These results support the assumption that the axes 
of the coil system and the magnetometer are orthogonal. 
 
 Up North West Down South East 
Up 0 90-0.0716° 90-0.0878° 180-0.0615° 90+0.0565° 90+0.1019° 
North 90-0.0716° 0 90+0.1119° 90+0.1325° 180-0.0223° 90-0.024° 
West 90-0.0878° 90+0.1119° 0 90+0.096° 90-0.0956° 180-0.0891° 
Down 180-0.0615° 90+0.1325° 90+0.096° 0 90-0.1174° 90-0.1102° 
South 90+0.0565° 180-0.0223° 90-0.0956° 90-0.1174° 0 90+0.0076° 
East 90+0.1019° 90-0.024° 180-0.0891° 90-0.1102° 90+0.0076° 0 
 
Table 7.2 - A report of the angles present between pairs of magnetic field vectors 





The S1 optical encoder employed by the Caretta2 system is reported by US Digital 
to be accurate to within 0.25 degrees. The encoder is also reported as being 
mechanically capable of handling rotation speeds of up to 100 rpm and electrically 
capable of tracking rotation at speeds of up to 12500 rpm [20]. While no extensive 
experimentation was conducted to verify the accuracy of these reported values, 
manual testing was completed to verify that 1440 uniquely indexable bearing values 
were recognizable by the encoder. 
7.7. WMM 
The official 2020 WMM test point data provided in [11] was used to verify the 
accuracy of the JavaScript model evaluation code employed by Caretta2. The WMM 
only models variations in the Earth’s magnetic field that have a wavelength greater 
than about 3000 km [11]. As a result, this model does not take into account higher 
frequency localized variations in the magnetic field due to the Earth’s crust. The 
model is also not able to account for seasonal field changes, daily field flections 
contributed by the Earth’s ionosphere, or the effect of meteorological activity on the 
field [11]. 
7.8. System Integration 
A final verification experiment was conducted in order to test the integrated 
functionality of all coil system axes and the 3D sensing capabilities of the calibrated 
and aligned magnetometer using data provided by the WMM in a region around the 
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North Atlantic. This test consisted of calibrating the coil system and using this 
calibration to produce fields within the artificial magnetic environment that mimic 
the field properties at 720 points in a circle around the region of interest. This circle 
was centered around a point at coordinates 35° N, 40° W and was given a radius of 
2000 miles. Compensation was made for the Earth’s curvature to ensure that a 
constant radius was maintained and that sample points were evenly spaced. This path 
is illustrated in Figure 7.11a. 
 
 
Figure 7.11 – a) The path around the North Atlantic for which field deviation was 
explored. This path is centered at the point 35° N, 40° W and has a radius of 2000 
miles. b) A plot of the total field intensity error at each location along the tested 
path. Error was calculated as the percent difference between the intensities of the 
target and sensed fields for each point. The gray region represents the 95% 
confidence interval for the deviation across two trials. c) Inclination error plotted 
for each sampled location along the tested path. Inclination error was calculated as 
the difference between the inclination angles of the target and sensed fields for 
each point. The grey region represents the 95% confidence interval across two trials. 
 
For each trial, the calibrated magnetometers were aligned using the automated 
procedure outlined in section 6.2.4. The coil system was then calibrated using the 
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seven-point automatic calibration procedure outline in section 6.2.1. The 2020 WMM 
coefficient file was used to estimate the Earth’s ambient magnetic field at each 
sample point. For each test point, ambient field components were estimated for the 
corresponding location on Earth, the coil system was actuated using the applied 
calibration to emulate this ambient field, five seconds were allowed for 
magnetometer stabilization, and a sample of the generated field was collected by the 
magnetometer. Points were evaluated in sequence staring from the northmost point 
and continuing counterclockwise. Two trials were conducted for this experiment. The 
expected and actual field properties were then compared to identify the amount of 
error present. 
Deviation from the expected intensity and inclination values for each sample point 
are plotted in Figures 7.11b and 7.11c, respectively. The maximum observed percent 
intensity deviation was 0.583% while the average deviation magnitude was 0.165%. 
For the inclination deviation, the average magnitude was 0.133° and the most 
extreme value was 0.542°. These results indicate that the intensity and inclination 
values produced by the coil system coincide relatively well with the system’s target 
values for fields at locations around the North Atlantic. 
8. Research Applications 
This section describes the Caretta2 experimental setups implemented for use by 
the QBES lab and the Lohmann lab at UNC for magnetic environment experiments 
from Fall 2019 to Spring 2020. 
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8.1.  Turtle Tracking (Lohmann Lab) 
This application of the Caretta2 platform aimed to track the migratory patterns of 
turtles in an artificial magnetic environment. The Caretta2 platform was adapted to 
fit the needs of this research although experiments with sea turtles have not yet been 
conducted. These trials aim to place the turtle in a field similar to that at some 
starting location in the North Atlantic, track the orientation of the turtle in the field, 
and to update the field as if the turtle were swimming in that direction in the ocean. 
In this way, a possible migratory path can be followed by the turtle in a laboratory 
environment. The Caretta2 setup for this experiment required the application of the 
three-axis coil system to control the artificial environment, the encoder device to 
track turtle orientation, a magnetometer for coil calibration, and various 
modifications to the controlled space to support the presence of sea turtles.   
The coil system module was used to specify the magnetic field in a controlled 
region of space with a diameter of just over one meter. A round pool with a similar 
diameter was placed in this region and was filled with seawater. Blackout curtains 
were placed around the coil system to prevent light from reaching the pool. A 
juvenile loggerhead sea turtle (Caretta caretta) could then be placed in a harness and 
allowed to swim in the tank. This harness would be tethered to an arm that is fixed to 
the shaft of the system’s optical encoder. This encoder-arm structure is fixed in 
placed above the center of the pool and can be used to determine the approximate 
position of the turtle relative to the center of the tank. This position can be used to 
approximate the turtles average swimming direction during an experiment. The 
tether also functions to prevent the turtle from encountering the edge of the pool. A 
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magnetometer was placed within the coil system’s controlled area to measure the 
field produced by the coil system for calibration. 
The procedure to be applied for this experiment involves allowing a turtle time to 
acclimate to the conditions in the tank, actuating the coil system to mimic the 
magnetic field at a migratory starting point in the North Atlantic, and dynamically 
updating the magnetic field within the environment to simulate swimming in the 
direction of the turtle’s measured bearing. The Caretta2 interface created for this 
experiment allows for the specification of an update frequency for the artificial 
magnetic field, a turtle starting location, and a turtle swimming speed. These values 
can be set before or during an experiment to control the trial’s parameters. Values 
such as the experimental parameters, the turtle’s bearing, magnetometer readings, 
modeled turtle location, and coil state are saved at each timestep and can be 
exported to a .csv file for analysis. An experiment review interface is also provided 
that allows the user to review the data collected at each timestep and to calculate 
the Rayleigh z statistic for a specified time interval during the experiment in order to 
quickly determine the variability in the turtle’s mean orientation during that period 
[26]. 
The Caretta2 setup for use with this experiment consists of a client component, a 
single proxy server module, a magnetic coil power supply component, and an encoder 
module. All modules were installed on a single computer and all hardware 
components were connected directly to this system. This configuration is similar to 
the first networking setup described in section 5. Figure 8.1 illustrates the 




Figure 8.1 – A diagrammatic representation of the Caretta2 configuration used for 




8.2. Rate Table Simulation (QBES Lab) 
A second research application of the platform was undertaken for the QBES lab at 
UNC. This setup was designed to test the simulated navigational findings presented by 
[4] in a physical environment. This previous work investigated the behavior of a 
bioinspired geomagnetic navigation approach in a virtual magnetic environment. By 
extending this investigation to a physical setup, real world complications such as 
sensor error and communication delays can be more accurately modeled and previous 
results can be more thoroughly validated. 
The setup developed for this testing consisted of the coil system, the rate table 
device, a rate table stand, and a magnetometer. A separation of approximately three 
feet was allowed between the rate table and magnetometer in order to minimize the 
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impact of field distortions by the rate table's electric motors. The rate table was 
placed below the center of the artificial magnetic environment such that the 
attached magnetometer was located within the controlled region of the coil system. A 
calibration was completed to account for the rate table’s impact on the 
magnetometer’s sensed field. Based upon the field analysis described in section 7.3, 
the rate table’s field is known to be constant when measured from a frame of 
reference that rotates with the rate table. This calibration involved measuring the 
difference between the magnetometer’s sensed field with and without the rate 
table’s brake being actuated. These values were subtracted to obtain the field 
produced by the rate table. This field was then subtracted from all field 





Figure 8.2 – a) A photo of the rate table in the artificial magnetic environment. The 
PVC support stand and steel baseplate are fastened to the rate table’s surface in 
order to support the magnetometer (visible in panel b). A USB power supply is 
fastened to the baseplate to supply power to the magnetometer. The serial over slip 
ring apparatus is visible on the top and side of the rate table. b) A photo of the 






Figure 8.3 – Paths taken by a simulated agent tasked with migrating along a circular 
path using a set of four waypoints. Waypoints are marked with colored circles and 
are labeled with their locations. Lines of constant intensity (vertical) and inclination 
(horizontal) for the simulated magnetic field are depicted in the figures. Five 
successive migrations were completed by the agent. The agent’s path is represented 
by colored lines on figure with path color corresponding with the destination 
waypoint for that portion of the migration. a) The results of a trial conducted with 
settings similar to those used in [REF] without integration with the Caretta2 system. 
b) The results of a similar trial conducted with physical error simulated through the 
inclusion of the Caretta2 system in the agent’s navigational control loop. 
 
Figure 8.2 contains images of the rate table and magnetometer inside the coil 
system depicted in figure 2.1. A pool is also present in this figure as it is required for 
the turtle tracking setup described in section 8.1 and could not be easily removed for 
this experiment. The simulation code used in [4] was modified for this experiment to 
have a reduced step size in order to reduce the number of samples that needed to be 
sensed by the physical system. Figure 8.3a illustrates the results obtained when 
running the simulation with this reduced step size without incorporating the artificial 
magnetic environment. The results of this simulation are similar to those obtained in 
[4]. This code was modified to incorporate the rate table, coil system, and 
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magnetometer into the simulated agent’s sensing routine. For each field 
measurement made by the agent, the table was rotated to match the agent’s 
orientation, the coil system was actuated to match the intensity and inclination 
values within the agent’s simulated environment, and magnetometer readings were 
collected. A delay of 2.5 seconds was allowed between actuation of the rate table 
and the collection of magnetometer readings in order to provide enough time for the 
rate table to move to the goal orientation and for the magnetometer readings to 
stabilize. The results of this simulation are presented in figure 8.3b. Additional 
research is required to interpret these results and their significance in the context of 
the navigational algorithm proposed in [4]. 
For this Caretta2 setup, all hardware devices were connected directly to the main 
control computer and all hardware control modules were running on this main device. 
The rate table magnetometer was connected using the serial over slip ring apparatus 
described in section 6.1.2. In addition to the hardware control modules, the main 
computer ran an instance of the proxy server module and the client module. This 





Figure 8.4 – A diagrammatic representation of the Caretta2 configuration used for 
the QBES experiment along with images for each piece of hardware employed. 
 
9. Conclusion 
The control solutions currently available for artificial magnetic environments do 
not meet the needs of ongoing research in the fields of organismal biology and 
geomagnetic navigation. The software platform presented in this thesis addresses the 
need for adequate control software by providing a flexible and well documented 
research tool that can be used to control and monitor experiments involving these 
environments. This platform combines functionalities previously dispersed over a set 
of independent programs, can accommodate a wide range of networked experimental 
setups, and was developed using well-established web technologies. 
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This thesis presents a number of extensions to the platform as examples of the 
system’s flexibility and models of how the system can be extended in the future to 
incorporate additional sensors, actuators, models, and interfaces. These extensions 
were used to illustrate two potential research applications for the software in the 
fields of organismal biology and geomagnetic navigation. A variety of verification 
experiments were also conducted and discussed to characterize the behavior of the 
system’s components and the interactions that occur between each hardware device. 
This system was developed with the goal of increasing the number of control options 
available to researchers working with artificial magnetic environments. Possible 
extensions of this work include increasing the security of the communications 
between modules to allow for networked setups on public networks and adaptations 
of this system to fulfil the needs of individual research projects. 
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Appendix A: Connection APIs 
This section outlines the APIs that were developed for interaction between the 
client component and each hardware control modules. Each component was 
developed as either a sensor, an actuator, or both a sensor and actuator and each 
listed API represents the format used for data transmission in one or two directions. 
For both sensors and actuators, it is the responsibility of the transmitting component 
to appropriately control the frequency of sent messages. When possible, components 
described in this document were developed such that they send updates at a 
relatively low frequency when actuation or sensed values are static, and at a 
relatively high frequency when these values are changing. Low frequency updates 
serve to redundantly propagate actuator and sensor data for cases where components 
become temporarily disconnected due to instabilities in the network or physical 
connections. High frequency updates serve to quickly update the appropriate 
components when sensor and actuator changes are made. 
 




This component is configured as a sensor that submits updates using this interface 
to a connected proxy server component. The bearing property is specified as the 
encoder’s angle in degrees. 
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This component acts as a sensor and submits data to a connected proxy server 
using the provided interface. Each directional property represents a component of the 
magnetic field sensed by the magnetometer in nanoteslas. 
 










The rate table component is configured as both an actuator and a sensor and 
communicates with a connected proxy server using the formats described above. 
Interface A represents the format used for actuation of the table while format B 
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represents the format used by the table for the transmission of sensor readings. Each 
actuation message indicates a table brake state and bearing in degrees. The table 
should attempt to seek the most recently received bearing value while the brake is 
not active. Once a message is sent to activate the brake, the table should wait two 
seconds to allow for the completion of any previous movements before the brake is 
engaged. Any bearing updates that occur while the brake is active should be ignored. 
Each sensor message transmitted by the table includes a sensed encoder reading 
representing the table’s current position in degrees. 
 






This component acts as an actuator, receiving messages from a connected proxy 
server component that adhere to the coil component interface format. Each 
component of this message object represents a current value in amps to supply to an 




Appendix B: Example Hardware Control Module Code 
The rate table controller’s code is provided in this appendix as an example of the 
structure of a typical hardware control module. This module was selected due to its 
duel function as both a sensor and an actuator. 
 
// Import required NPM modules 
import SerialPort from 'serialport'; 
import io from 'socket.io-client'; 
 
// Read environment variables from the module's .env file 
require('dotenv').config(); 
 
// Validate the format of supplied environment variables 
if(typeof process.env.CARETTA_TOKEN !== 'string'){ 
    throw new Error('Please set the CARETTA_TOKEN environment variable'); 
} else if(!/^[a-zA-Z0-9_\-]*$/.test(process.env.CARETTA_TOKEN)){ 
    throw new Error(`The provided CARETTA_TOKEN environment variable contains illegal 
characters (only letters, numbers, and '-' or '_' symbols are allowed)`); 
} 
 
// Open a connection to the proxy server specified by the user 
let socket = io(`http://${process.env.PROXY_SERVER}`,{ 
    query: { 
        'caretta-token': process.env.CARETTA_TOKEN, 
        'caretta-type': 'rate_table', 
    } 
}); 
 
// If an error event is emitted, print a message to the console 
socket.on('error',(e: any)=>{ 
    console.error(e); 
}); 
 
// Process messages received from the client module 
socket.on('message',(data: any)=>{ 
    try { 
        // Data is assumed to be valid as it is originating from the client module 
        // Additional data validation can be implemented here if required 
        // Update the desired table state based upon the values supplied by the client 
        data = {...{parked,bearing},...data}; 
        parked = data.parked; 
        bearing = data.bearing; 
    } catch(e){ 
        // If an error occurs while processing this message, print the error to the 
console 
        console.error('Failed to read a message sent from the client'); 
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    } 
}); 
 
// Initialize the table's goal state as parked and homed 
let parked = true; 
let bearing = 0; 
 
// Define a function to initiate a serial connection to the rate table 
let connectSerial = ()=>{ 
     
    // Define a function to abort the current connection and create a new connection 
    let retry = (port: SerialPort)=>{ 
        // Close the port if it is open 
        if(port.isOpen){ 
            port.close(); 
        } 
        // Attempt to establish a new connection in 2 seconds 
        setTimeout(connectSerial,2000); 
        // Prevent future calls to the retry function for this port instance 
        retry = x=>{}; 
    }; 
 
    // Open a connection to the serial port specified by the user 
    let port = new SerialPort(process.env.SERIAL_PATH!, {baudRate: 115200}); 
    let parser = port.pipe(new SerialPort.parsers.Readline({delimiter: '\r\n'})); 
 
    // Define a boolean value for use in determining whether the rate table is ready 
to receive a command 
    let ready = true; 
 
    // Define a function which allows scripts to pause execution until the table is 
ready to receive a command 
    let whenReady = ()=>{ 
        return new Promise(resolve=>{ 
            let t = 0; 
            // Each millisecond for one second, 
            let interval = setInterval(()=>{ 
                t++; 
                // If the table is ready to receive a command or one second has 
passed, resume execution 
                if(ready || t>=1000){ 
                    clearInterval(interval); 
                    resolve(); 
                } 
            },1); 
        }); 
    }; 
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    // Define a function to send commands to the rate table 
    let write = async (commands: string | string[])=>{ 
        if(typeof commands === 'string'){ 
            commands = [commands]; 
        } 
        // For each command supplied, 
        for(let i = 0; i < commands.length; i++){ 
            // Write this command out to the serial connection 
            ready = false; 
            port.write(`${commands[i]}\r`); 
            // console.log(`in:  ${commands[i]}`); 
            // Wait for the command to be processed before continuing 
            await whenReady(); 
        } 
    }; 
 
    // If an error event is emitted for the serial connection, print a message to the 
console and reconnect 
    port.on('error', err=>{ 
        console.error(err); 
        retry(port); 
    }); 
 
    // If the serial connection closes, print a message to the console and reconnect 
    port.on('close', ()=>{ 
        console.error('close'); 
        retry(port); 
    }); 
     
    // Once the serial connection is opened, 
    port.once('open', async ()=>{ 
         
        // Log this event to the console 
        console.log('open'); 
 
        // Define a constant to store the maximum seek time 
        // This is the time required for the rate table to complete a 180 degree 
rotation 
        // The table's velocity and acceleration parameters are set using this value 
        const maxSeekTime = 1.5; 
         
        // Create a variable to store the last time value where velocity and 
acceleration parameters were supplied to the table 
        let lastVelTime = 0; 
 
        // Define variables to store previous rate table state values 
        let lastParked: boolean|undefined = undefined; 
        let lastBearing: number|undefined = undefined; 
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        // Define a variable to store the timeout handle of any pending brake 
actuations 
        let pendingBrake: any = undefined; 
 
        // While the serial connection is active, 
        while(port.isOpen){ 
 
            //Send velocity/acceleration configuration to the table every five seconds 
            if(new Date().getTime() - lastVelTime > 5000){  
                await 
write([`VEL${Math.ceil(720/(maxSeekTime*maxSeekTime))}`,`ACL${Math.ceil(720/(2*maxSeek
Time))}`]); 
                lastVelTime = new Date().getTime(); 
            } 
 
            // If the table is/was not parked and the bearing was updated, send this 
command to the rate table 
            if(lastBearing !== bearing && (parked===false||lastParked===false)){ 
                await write(`MOV${Math.floor(bearing)}`); 
                lastBearing = bearing; 
            } 
            // If the state of the table's brake is updated, 
            if(lastParked !== parked){ 
                // If the brake is being released, 
                if(parked===false){ 
                    // Clear any pending brake activations and send a command to the 
table to release the brake 
                    clearTimeout(pendingBrake); 
                    await write('BRK0'); 
                // If the brake is being activated, 
                } else { 
                    // Schedule a brake activation for two seconds in the future 
                    pendingBrake = setTimeout(async ()=>{ 
                        await whenReady(); 
                        await write('BRK1'); 
                    },2000); 
                } 
                lastParked = parked; 
            } 
            // Poll the rate table's position each iteration 
            await write('PPO'); 
        } 
 
    }); 
 
    // When data is received from the rate table, 
    parser.on('data', (data)=>{ 
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        data = `${data}`; 
        // console.log(`out: ${data}`); 
        // If this message is the '>' symbol, the table has finished processing a 
command 
        if(data === '>'){ 
            ready = true; 
        // If this message is a number and a connection to the proxy server is 
present, send this value to the client as an encoder reading 
        } else if(/^\s*\d+\.\d+$/.test(data)){ 
            if(socket.connected){ 
                socket.send({encoder_bearing: parseFloat(data)}); 
            } 
        // Otherwise, print a message to the console indicating that the message was 
not recognized 
        } else { 
            console.error(`Unrecognized table response: ${data}`); 
        } 
    }); 
}; 
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